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Abstract 

Niemann-Pick CI -Like 1 (NPC1L1) mediates cholesterol absorption, and ezetimibe is a potent NPC1L1 inhibitor applicable 
for medication of hypercholesterolemia. Epidemiological studies demonstrated that consumption of polyphenols correlates 
with a decreased risk for atherosclerosis due to their antioxidant effect. This activity can hardly be attributable to the 
antioxidant activity only, and we hypothesized that polyphenols inhibit intestinal transport of cholesterol. We elucidated the 
kinetic parameters of intestinal cholesterol absorption, screened several polyphenols for their ability to specifically inhibit 
intestinal cholesterol absorption, and determined the inhibitory effects of selected flavonoids in vitro and in vivo. The 
concentration-dependent uptake of cholesterol by Caco-2 cells obeyed a monophasic saturation process. This indicates the 
involvement of an active-passive transport, i.e., NPC1L1. Parameters of cholesterol uptake by Caco-2 cells were as follows: 
-Anax/ K t , and were 6.89±2.96 1 9.03 ±1 1.58 jiM, and 0.1 1 ±0.02 pmol/min/mg protein, respectively. Luteolin and quercetin 
inhibited cholesterol absorption by Caco-2 cells and human embryonic kidney 293T cells expressing NPC1L1. When 
preincubated Caco-2 cells with luteolin and quercetin before the assay, cholesterol uptake significantly decreased. The 
inhibitory effects of these flavonoids were maintained for up to 120 min. The level of inhibition and irreversible effects were 
similar to that of ezetimibe. Serum cholesterol levels significantly decreased more in rats fed both cholesterol and luteolin 
(or quercetin), than in those observed in the cholesterol feeding group. As quercetin induced a significant decrease in the 
levels of NPC1 L1 mRNA in Caco-2 cells, the in vivo inhibitory effect may be due to the expression of NPC1 L1. These results 
suggest that luteolin and quercetin reduce high blood cholesterol levels by specifically inhibiting intestinal cholesterol 
absorption mediated by NPC1L1. 
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Introduction 

Hypercholesterolemia is a risk factor for atherosclerosis. 
Cholesterol as a component of biological membranes as well as 
a precursor of vitamin D, bile acids, and steroid hormones is 
nutritionally essential component. However, consuming excess 
cholesterol affects homeostasis by injuring the inner walls of blood 
vessels, which interferes with circulation and leads to serious 
diseases such as cardiac infarction and cerebral apoplexy [1]. 

Cholesterol homeostasis in humans is mainly balanced by 
intestinal absorption, endogenous biosynthesis, and biliary/intes- 
tinal excretion [2]. Excessive dietary cholesterol intake is one of the 
major risk factors for hypercholesterolemia and cardiovascular 
diseases, especially atherosclerosis. Consuming a high calorie- high 
fat diet induces increased blood cholesterol levels, particularly in 
people of developed countries [1,3]. 



Most patients with hypercholesterolemia are prescribed statins, 
which inhibits 3-hydroxy-3-methyl-glutaryl-CoA reductase, a 
component of the mevalonate pathway that affects cholesterol 
biosynthesis to reduce de novo synthesis of cholesterol [4] . Because 
the mevalonate pathway also induces ubiquinone and dolichol 
synthesis, statin treatment may affect their concentrations as well 
as those of other nutrients [5] . Not all patients with hypercholes- 
terolemia are successfully treated only with statins [6] . 

To address these issues, ezetimibe was developed as a new drug 
to treat hypercholesterolemia [7,8]. It specifically inhibits the 
Niemann-Pick Cl-Like 1 (NPC1L1) cholesterol transporter, 
which is expressed on the brush border membrane of the small 
intestines of humans, mice, and rats and inhibits cholesterol uptake 
from the intestine. Although much is known of cholesterol 
biosynthesis and its regulation, the mechanism of cholesterol 
absorption has not been well understood until recently. Because 
cholesterol is hydrophobic, it may be transported across the brush 
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border membrane through passive diffusion. NPC1L1 was 
identified through the search for ezetimibe molecular targets 
using a genome-wide bioinformatics screening approach in 2004 
[9] . Genetic or pharmaceutical inactivation of NPC 1 L 1 in mice 
reduces cholesterol absorption by 50% or more and reduces blood 
cholesterol levels [3], suggesting that NPC1L1 is critical for 
cholesterol uptake by enterocytes. NPC1L1 is also expressed in the 
canalicular membrane of human hepatocytes. Because ezetimibe 
reduces reabsorption of biliary cholesterol [7,8], it is used to treat 
hypercholesterolemia. Statins and ezetimibe are prescribed to 
patients with hypercholesterolemia. There is now a renewed 
interest in foods and food constituents that are able to inhibit 
cholesterol absorption. 

To mitigate the deleterious consequences of a high cholesterol 
diet, we screened food constituents able to inhibit cholesterol 
uptake in the small intestine. Dietary fiber inhibits intestinal 
cholesterol absorption and causes excretion of cholesterol to the 
feces. Because the effects are thought to be mediated by their 
physicochemical properties [10], and because its high dose intake 
is needed to reduce plasma cholesterol level [11], a highly specific 
cholesterol absorption inhibitor of food origin is thus required. 

Consistent with the French paradox, epidemiological studies 
show a correlation between consumption of polyphenols and 
decreased arteriosclerosis risk [12,13,14]. Polyphenols have 
attracted attention because of their potential anti-dyslipidemia 
activities, strong antioxidant activity, and ability to prevent low- 
density lipoprotein oxidation in humans [12,13,14], This activity 
can hardly be attributable to the antioxidant activity only, and we 
hypothesized that polyphenols would inhibit intestinal transport of 
cholesterol. 

To address this issue, we studied on the mechanisms of 
polyphenols underlying cholesterol absorption, in particular its 
kinetics as well as its inhibitor of food origins, providing valuable 
insights into the prevention and treatment of hypercholesterol- 
emia. Here, we report the identification of polyphenols that inhibit 
cholesterol uptake in Caco-2 cells and their effects on in vivo 
cholesterol transport. 

Materials and Methods 

Chemicals 

The following materials were obtained from commercial 
sources: Caco-2 cells from Cell Bank, RIKEN BioResource 
Center (Ibaraki, Japan). [1,2- 3 H(N)] -cholesterol from Perkin 
Elmer, Inc. (Waltham, MA, USA), ezetimibe from LKT Labora- 
tories, Inc. (St. Paul, MN, USA), cholesterol, sodium taurocholate, 
lecithin, hesperetin, luteolin, and quercetin from Wako Pure 
Chemicals (Osaka, Japan); genistein and daidzein from Sigma- 
Aldrich, Inc. (St. Louis, MO, USA); catechins from Kurita Water 
Industries Ltd. (Tokyo, Japan); and all the other polyphenols were 
from Extrasyn these (Genay, France). Cell culture reagents were 
obtained from Invitrogen (Carlsbad, CA, USA). All the other 
chemicals used in this study were of reagent grade. 

Caco-2 cells 

The cells were seeded in 12-well plates at a density of 1.0 xlO 5 
cells/well and cultured at 37°C for 7 days in Dulbecco's Modified 
Eagle Medium (DMEM) containing 10% fetal bovine serum 
(FBS), 1% nonessential amino acids, 100 U/ml penicillin, 0.1 mg/ 
mL streptomycin, and 50 |lg/L gentamycin in a humidified 
atmosphere containing 5% C0 2 . The medium was replaced every 
2 days during culturing. 



Assay of cholesterol uptake by Caco-2 cells 

We prepared a cholesterol micellar solution for uptake assays, 
which contained 1.8 nM [1,2- 3 H(N)] -cholesterol diluted in etha- 
nol, 1 jiM cholesterol diluted in ethanol, 4 mM sodium tauro- 
cholate, and 100 jiM lecithin in Hanks' balanced salt solution 
(HBSS) (pH 7.4). The mixture was thoroughly vortexed and 
maintained at 37°C for 2 h before the experiments. On 7 days of 
culturing, Caco-2 monolayers were washed twice with HBSS 
(pH 7.4) and incubated in cholesterol micellar solution at 37 °C (or 
4°C for the temperature dependence assay) for the indicated times 
in each experiment. At the end of incubation, cells were washed 
twice with ice-cold HBSS (pH 7.4) and dissolved in 0.1 M ice-cold 
NaOH. Radioactivity was measured using a liquid scintillation 
counter (LSC-6100; Aloka, Wallingford, CT, USA). 

The cell-to-medium ratio was calculated by dividing the cellular 
uptake concentration by the cholesterol concentration in the 
uptake medium. Kinetic parameters for transport activity were 
established using nonlinear least squares fit of the data using the 
MULTI program [15] as follows: 

xS/(^ m + S) + ^xS 

where V, S, J m , V max , and K d represent the initial uptake rate, 
substrate concentration, Michaelis constant, maximum uptake 
rate, and first-order rate constant, respectively. 

Ezetimibe (0-20 |LiM) was preincubated with Caco-2 cells at 
37°C for 1 h for the inhibition assay. During the screening, 
100 jlM solutions of polyphenols diluted in dimethyl sulfoxide 
(DMSO) were added to the micellar solution. The final total 
concentration of organic solvent was 1.5%. Before the concentra- 
tion- and time- dependent inhibition assays, 100 jiM luteolin or 
quercetin were preincubated with Caco-2 cells for 1 h and washed 
twice with HBSS (pH 7.4). After treatment, the cholesterol micelle 
was added and its uptake by Caco-2 cells was quantified to 
measure radioactivity. 

NPC1L1 transfection of HEK cells 

NPC1L1 cDNA cloned into pCR-XL-TOPO was purchased 
from Open Biosystems (Thermo Scientific Abgene, Cambridge, 
UK) and subcloned into pEF6/V5-HisA (Invitrogen). HEK cells 
were seeded in 24-well plates at a density of 1.0x1 0 5 cells/well in 
DMEM containing 10% FBS and cultured at 37°C for 24 h in a 
humidified atmosphere containing 5% C0 2 . HEK cells were 
transfected with 0.08 jig of DNA using Lipofectamine 2000 
(Invitrogen). The medium was changed after 6 h, and cholesterol 
uptake assays were performed 24 h later. The NPC 1 L 1 -and mock- 
transfected cells (transfected pEF6/V5-HisA) were washed twice 
with HBSS (pH 7.4), and 20 uM ezetimibe, 100 uM luteolin, or 
quercetin were added 1 h before incubation at 37°C and 30 min 
after, 5 mM methyl- (3-cyclodextrin was added to deplete intracel- 
lular cholesterol. The cells were then washed and incubated with 
the cholesterol micelle preparation for 2 h to determine cholesterol 
uptake. 

Animal experiments 

Male Wistar rats (CLEA, Tokyo, Japan) aged 7 weeks were 
divided into four groups (n = 7 or 8 rats each) and orally 
administered one of the following diets: noncholesterol (NC) with 
1% DMSO, high cholesterol (HC) with 1% DMSO, HC with 
20 mM luteolin diluted in 1% DMSO at 5 mL/kg body weight 
(HL), or HC with 20 mM quercetin diluted in 1 % DMSO at 
5 mL/kg body weight (HQ), respectively. The composition of the 
diets is shown in Table S 1 . Rats took diets and water ad libitum, and 
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Fig. 1 



Figure 1. Mechanism of cholesterol uptake by Caco-2 cells (A-D): A, time dependence; B, concentration dependence; C, 
temperature dependence; D, Eadie-Hofstee plot. The inhibitory effect of ezetimibe preincubation on cholesterol uptake by Caco-2 cells is 
shown (E). Values are mean ± standard error (n = 3). Statistical analyses were performed using Dunnett's multiple comparison test (*P<0.05; **P< 
0.01). 

doi:1 0.1 371 /journal. pone.0097901.g001 



the oral administration was performed twice a day at 10:00 h and 
18:00 h. The rats were individually housed at 23°C and 60% 
humidity under a 12:12 h light-dark cycle for 10 days. We 
sampled blood from tail veins on days 0, 6, and 9. On day 9, the 
rats were sacrificed without affiliation, and abdominal blood, liver, 
and intestinal membranes were collected. Surgery was performed 
under sodium pentobarbital anesthesia, and all efforts were made 
to minimize affliction. Serum from tail veins were assayed for 
cholesterol concentrations using a commercially available detec- 
tion kit (Cholesterol E-test WAKO). The measurement of 
cholesterol levels of the serum was performed by ORIENTAL 
YEAST CO., LTD (Nagahama, Japan). All animal experiments 
were performed according to the Guidelines for the Care and Use 
of Animals of The University of Tokyo (approval number: PI 3- 
851). 

RNA isolation from Caco-2 cells 

Caco-2 cell monolayers (10 cm in diameter) were incubated 
with 100 jiM luteolin and quercetin for 2, 6, and 24 h before 
washing twice with 10 mL PBS. Then, 500 uL of ISOGEN 
(Wako) was added to lyse the cells. Total cellular RNA was 
purified using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). 

Quantitative real-time polymerase chain reaction (PCR) 
analysis 

qRT-PCR was conducted using SYBR Green EX (Takara Bio, 
Shiga, Japan) and the Thermal Cycler DICE Real-Time PCR 
System TP800 (Takara). The primers used for the analysis of each 
of the mRNAs were as follows: NPC1L1 (forward, 5'-GACCG- 
GCCCAACATCAA-3', reverse, 5'-CCGCAGAGCTTCTGTG- 



TAATC-3'), ACTB (forward, 5 ' -GC GTGAC ATTAAGGAGA- 
AG-3', reverse, 5'-GAAGGAAGGCTGGAAGAG-3'). The 
amount of each mRNA was normalized relative to that of ACTB. 

Western blot 

Caco-2 cells were incubated for 24 h with 100 |iM luteolin 
and quercetin, washed with ice-cold phosphate-buffered saline, 
and scraped into 500 |iL of lysis buffer (20 raM Tris-HCl, 
pH 7.4, 100 raM NaCl, 1 mM EDTA, 1% TritonX-100, and 
10% glycerol). Protein concentration was determined using the 
Bradford method with bovine serum albumin as the standard. 
Each of the lysates (20 jig of protein/well) was subjected to 
7.5% sodium dodecyl sulfate-polyacrylamide gel electrophore- 
sis. The protein in gel was electrophoretically transferred to a 
nitrocellulose membrane, which was then incubated with anti- 
NPC1L1 antibody diluted 1:500 (Cell Signaling Technology, 
Danvers, MA, USA) and secondary antibody (1:2000) conju- 
gated with horseradish peroxidase. NPC1L1 bands (140 kDa) 
were detected using an enhanced chemiluminescence 
advance reagent. The membranes were then stripped and 
reprobed with the anti-actin antibody (1:1000) as a loading 
control. 

Statistical analysis 

Each of the data was represented as mean ± standard error. 
Statistical analyses were performed by repeated-measure one-way 
or 2-way ANOVA followed by using Dunnett's or Tukey-Kramer 
tests, with P value of < 0.05 considered as significant. 
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<Flavanone> 

Liquiritigenin (4',7-OH) 
Sakuranetin (4',5-OH, 7-OCH 3 ) 
Narirutin (4',5-OH, 7-<3-rutinoside) 
Isosakuranetin (5,7-OH, 4'-OCH 3 ) 
Eriodictyol (3',4',5,7-OH) 
Homoeriodictyol (4',5,7-OH, 3'-OCH 3 ) 
Hesperetin (3',5,7-OH, 4'-OCH 3 ) 
Hesperidin (3',5-OH, 4'-OCH 3 7-<3-rutinoside) 



<lsoflavone> 

Daidzein (4',7-OH) 
Genistein (4',5,7-OH) 




<Coumestan> 

Coumestrol 




<Flavanono> 

Taxifolin (3',4',5,7-OH) 7 
Dihydrorobinetin (3',4',5',7-OH) e 




<Calcone> 

FlavokawainA 




<Flavone> 

Apigenin (4',5,7-OH) 
Luteolin (3',4',5,7-OH) 
Tricetin (3',4',5,5',7-OH) 




< D ihydroch aJco ne> 

Phloretin (2 , ,4,4 , ,6 , -OH) 
Calomelanone 
(2',6'-OH,4,4'-OCH 3 ) 




<FlavDno*> 

Fisetin (3',4',7-OH) 
Quercetin (3',4',5,7-OH) 
Myricetin (3',4',5,5',7-OH) 





<Anthocyankfn> 

Cyanidin (3',4',5,7-OH) 
Delphinidin (3',4',5,5',7-OH) 




<Curcuminoid> 

Curcumin 




<Catechin> 

(+)-Catechin (3',4',5,7-OH) 
(-)-Catechin (3',4',5,7-OH) 
(-)-Catechin gallate 
(3',4',5,7-OH, 3- 03,4,5-trihydroxybenzoate) 
(-)-Epicatechin (3',4',5,7-OH) 
(-)-Epicatechin gallate 

(3',4',5,7-OH, 3-a3,4,5-trihydroxybenzoate) 
(-)-Gallocatechin (3',4',5,5',7-OH) 
(-)-Gallocatechin gallate 

(3',4',5,5',7-OH, 3-0-3,4,5-trihydroxybenzoate) 
(-)-Epigallocatechin (3',4',5,5',7-OH) 
(-)-Epigallocatechin gallate 

(3',4',5,5',7-OH, 3-(9-3,4,5-trihydroxybenzoate) 



Figure 2. Chemical structure of the screened polyphenols. 

doi:1 0.1 371 /journal. pone.0097901.g002 

Results 

Characterization of cholesterol uptake by Caco-2 cells 

The uptake of cholesterol by Caco-2 cells was quantified to 
define the mechanism of cholesterol uptake thorough the brush 
border membrane in the small intestine. Because cholesterol 
uptake by the Caco-2 cell monolayer increased linearly for up to 
120 min (Fig. 1A), the following experiments were performed for 
60 min. 

Fig. IB shows the concentration dependence of cholesterol 
uptake. The J ma ,^ K t , and K d values were 6.89±2.96, 
19.03± 11.58 uM, and 0.11 ±0.02 pmol/min/mg protein, respec- 
tively. Uptake was significantly reduced at 4°C (Fig. 1C). 
Transformation of the data to an Eadie-Hofstee plot (Fig. ID) 
showed a single saturable process with R 2 value of 0.7804. 

Fig. IE shows that preincubating with ezetimibe inhibited 
cholesterol uptake mediated by NPC1L1. Ezetimibe treatment 
reduced intracellular cholesterol concentrations in a dose-depen- 



dent manner, and the maximal inhibitory rate was found at 
approximately 50%. 

Screening of polyphenols that inhibit intestinal 
cholesterol absorption 

We measured the activity of 34 polyphenols for inhibiting 
cholesterol uptake by Caco-2 cell monolayer cultures (Fig. 2). Each 
of 1 1 flavonoids, including liquiritigenin, sakuranetin, isosakur- 
anetin, hesperetin, apigenin, luteolin, quercetin, daidzein, cou- 
mestrol, phloretin, and (— )-epicatechin gallate significantly inhib- 
ited cholesterol uptake (Fig. 3). Because luteolin and quercetin 
were potent inhibitors and are present ubiquitously in herbs and 
edible plants, they were selected for further studies. The relative 
ratios of cholesterol uptake in the presence of luteolin and 
quercetin to those of the controls were 40.21% ±4.03% and 
50.60% ±2.08%, respectively. 
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Figure 3. Screening of polyphenols for their inhibitory effects on intestinal cholesterol absorption by Caco-2 cells. Polyphenols 
(100 jjJVI) were added to the cholesterol micelle solution. The mixture was maintained at 37°C for 1 h and then incubated with Caco-2 cell 
monolayers. Values are mean ± standard error (n = 3). Statistical analyses were performed using Dunnett's multiple comparison test (*P<0.05; **P< 
0.01). 

doi:1 0.1 371 /journal. pone.0097901.g003 



Mechanisms by which luteolin and quercetin inhibit 
cholesterol uptake in Caco-2 and HEK293T cells 
expressing NPC1L1 

Caco-2 cells were preincubated with luteolin and quercetin and 
then washed before the cholesterol uptake assay. Cholesterol 
uptake through the intestinal membrane decreased in a dose- 
dependent manner (Fig. 4A, B). Also, the inhibitory effects of 
luteolin and quercetin were observed 30 and 60 min after, 
respectively (Fig. 4G). These effects were maintained for up to 
1 20 min, and the plateau of inhibition was similar to the case of 
ezetimibe. 

To determine whether luteolin and quercetin inhibited 
NPC1L1, we tested their effects on cholesterol uptake in 
HEK293T cells expressing NPC1L1. NPC1L1 transfectants 
showed significantly increased cholesterol uptake compared with 
that of mock cells (Fig. 5). However, ezetimibe, luteolin, or 
quercetin inhibited cholesterol uptake at the same concentrations 
as in the case of mock transfectants. 

Effects of flavonoids on hypercholesterolemia in vivo 

When rats were provided with either a normal AIN93G or 
cholesterol diet for 9 days with or without flavonoids, no significant 
difference in food consumption or body weight was observed 
during feeding (Fig. 6 A, B). 

Fig. 6C shows the total serum cholesterol levels in rats. The 
serum cholesterol in the control (non-cholesterol, NC) group was 
constant over the experimental period, unlike that observed in the 
cholesterol-fed (high cholesterol, HC) group. However, choles- 
terol levels in the HL (HC+ luteolin) and HQ (HC+ quercetin) 
groups were significantly lower than those observed in the HC 
group. 



Effects of luteolin and quercetin on a decreased in 
NPC1L1 expression 

Treatment of Caco-2 cells with quercetin for 24 h significantly 
attenuated the levels of NPC1L1 mRNA (Fig. 7A). The 24-h 
luteolin treatment decreased the level of mRNA (p = 0.078), 
whereas levels of the NPC 1 L 1 protein in cells incubated for 24 h 
with both flavonoids did not change dramatically (Fig. 7B). 

Discussion 

The concentration-dependent uptake of cholesterol by Caco-2 
cells obeyed a saturation process, indicating an active and passive 
transport (Fig. IB). The temperature dependence of transport 
(Fig. 1C) further supports the prevalence of active transport. 
Moreover, the Eadie-Hofstee plot was monophasic (Fig. ID), 
indicating that cholesterol was incorporated in Caco-2 cells by one 
transporter. This led us to the conclusion that the transporter was 
NPC 1 L 1 itself. The present study is the first to report the kinetic 
parameters of NPC ILL Furthermore, ezetimibe inhibited choles- 
terol uptake by Caco-2 cells by 50%, suggesting that the uptake in 
cells can be chiefly accounted for by NPC ILL Our finding is in 
agreement with the results of another independent study [16]. 

We screened 34 flavonoids (Fig. 2) in Caco-2 cells and found 
that 1 1 among them inhibited cholesterol uptake (Fig. 3). Although 
their activities did not correlate with one another, the structural 
similarity was that the aglycones, but not glycosides, were active. 
Luteolin and quercetin, which are ubiquitously present in 
vegetables [17], significantly inhibited cholesterol uptake and this 
is a highlight in our research. Certain polyphenols, epigalloca- 
techin gallate, and theaflavins lowered cholesterol absorption and 
precipitated micellar cholesterol [18,19]. Cholesterol concentra- 
tions in micelles decreased after incubation with 1 mM luteolin 
and quercetin (Fig. SI). Because the micelle solution was 
preincubated with the polyphenols during screening, this may 
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Figure 4. The relationship between the inhibitory effects of cholesterol uptake and concentrations of luteolin (A) and quercetin (B) 
and stability of the inhibitory effects of luteolin (100 |uM), quercetin (100 |uM), and ezetimibe (20 jjJVI) (C). Caco-2 cells were 
preincubated with flavonoids or ezetimibe at 37°C for 1 h, and Caco-2 cells were washed before the cholesterol uptake assay. The cholesterol 
micelles were added and uptake by Caco-2 cells was quantified to measure radioactivity. Values are mean ± standard error (n = 3). Statistical analyses 
were performed using Dunnett's multiple comparison test (*P<0.05; **P<0.01). 
doi:l 0.1 371/journal.pone.0097901 .g004 
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□ NPC1L1 



Control Ezetimibe Luteolin Quercetin 



Figure 5. Effects of luteolin (100 jiM), quercetin (100 (JVI), and ezetimibe (20 |aM) on cholesterol uptake by HEK293T cells. HEK293T 
cells were preincubated with flavonoids or ezetimibe at 37°C for 1 h and were washed out before the cholesterol uptake assay. Then, the cholesterol 
micelles were added, and their uptake was quantified to measure radioactivity. Values are mean ± standard error (n = 3). Statistical analyses were 
performed using Dunnett's multiple comparison test. Different letters indicate significant differences; P<0.05. 
doi:1 0.1 371/journal.pone.0097901 .g005 
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Figure 6. Body weight (A), total food intake (B), and serum concentration of cholesterol (C). Values are mean ± standard error (n = 7 or 8). 
HC, high cholesterol diet (n = 7); HL, HC with 20 mM luteolin at 5 mL/kg body weight diet (n = 8); HQ, HC with 20 mM quercetin at 5 mL/kg body 
weight diet (n = 7); NC, noncholesterol diet (n = 7). Statistical analyses were performed using Tukey-Kramer multiple comparison test. Different letters 
indicate significant differences; P<0.05. 
doi:1 0.1 371 /journal. pone.0097901.g006 



include the inhibitory effect of micelle solubility. However, the 
polyphenol concentration (1 mM) was so high in the micellar 
solubility assay that the inhibitory effect on the formation of 
micelles did not play any critical role in Caco-2 cholesterol uptake. 



We preincubated Caco-2 cells with flavonoids before the 
cholesterol uptake assay to determine whether these flavonoids 
affected intestinal epithelial cells (Fig. 4A, B). As a result, luteolin 
and quercetin reduced cholesterol uptake in a dose-dependent 




Figure 7. Effects of 100 jaM luteolin and quercetin on NPC1 LI mRNA (A) and protein (B) expression in Caco-2 cells. Values are mean ± 
standard error (n = 3). Statistical analyses were performed using Tukey-Kramer multiple comparison test (*P<0.05; **P<0.01). 
doi:1 0.1 371 /journal. pone.0097901.g007 
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manner and lowered cholesterol absorption by affecting the 
intestinal epithelial cells. Furthermore, both luteolin and quercetin 
showed sustained inhibitory effects similarly to ezetimibe (Fig. 4G) 
which is known to reduce cholesterol in humans through an 
irreversible effect on NPCL1 [20]. Thus, these flavonoids could 
affect NPC1L1 in the same manner as ezetimibe. 

We transfected HEK293T cells with an NPC1L1 expression 
vector to determine whether luteolin and quercetin influenced 
cholesterol transport mediated by NPC1L1. As shown in Fig. 5, 
cholesterol uptake increased significantly in the transfectants 
compared with that in the control mock-transfected cells. 
However, ezetimibe as well as luteolin and quercetin inhibited 
cholesterol uptake at a concentration equal to that of the control, 
suggesting that these flavonoids directly affect cholesterol uptake 
mediated by NPC1L1. In the in vivo experiments, serum 
cholesterol concentrations significantly decreased in the HL and 
HQ groups as compared with those in the HC group. When the 
total-, free-, ester-, LDL-, and HDL- cholesterol were measured 
form serum of abdominal blood, it was also confirmed that HQ 
group significantly decreased the total-, free- and LDL- cholesterol 
level in the serum (data not shown). Luteolin and quercetin are 
potent natural antioxidants [21], and their function accounts for 
their anti-arteriosclerosis activity [12,13,14]. Here, we showed that 
this activity can also be attributed to their ability to inhibit 
cholesterol uptake. 

Though luteolin and quercetin inhibited cholesterol uptake 
mediated by NPG 1L1, it is still unclear whether NPC 1L1 regulates 
the systems. Treating Caco-2 cells for 24 h with these flavonoids 
inhibited NPC 1 L 1 mRNA expression but did not decrease protein 
concentration (Fig. 7 A, B). The structure of NPC 1 LI or the 
uptake route may have been altered because cholesterol uptake by 
Caco-2 cells was inhibited by the flavonoids within 1 h. Ezetimibe 
binding to the middle extracellular domain of NPC 1 L 1 may cause 
some conformational changes in the NPC1L1 protein to disturb 
NPC1L1 and cholesterol interactions and ultimately inhibiting 
cholesterol-induced NPC1L1 endocytosis [2,7]. One possibility is 
that these flavonoids also bind to the extracellular domain of 
NPC1L1 to result in conformational changes of the NPC1L1 
protein, thereby inhibiting NPC ILL In contrast, the N terminus 
of NPC 1 LI helps to move extracellular cholesterol to the 
membrane-localized sterol-sensing domain (SSD) region to create 
a raft-like plasma membrane microdomain [3]. Green tea 
catechins inhibit ileal bile acid transporter activity by suppressing 
plasma membrane cholesterol [22]. If flavonoids suppress choles- 
terol in the microdomain, its composition may change, with the 
result that NPC 1 LI transport would be inhibited indirectly. 
Anyway, the flavonoid treatment was so short that the inhibitory 
effect on NPC 1 LI expression did not occur under this exper- 
imental condition. In contrast, because the rats were fed flavanoids 
for 10 days (Fig. 6), the in vivo inhibitory effect may be included in 
the NPC 1L1 expression. 

Our results show for the first time that quercetin inhibited 
NPC1L1 mRNA expression, albeit by an unknown mechanism. 
Nuclear receptors, including peroxisome proliferator activated 
receptor (PPAR)oc, PPAR5, liver X receptor, retinoid X receptor, 
and sterol regulatory element-binding protein 2 are implicated in 
the regulation of intestinal cholesterol absorption [3,23], but it is 
unknown whether they function by modulating intestinal NPC 1L1 
expression directly. Thus, whether luteolin and quercetin act 
through a nuclear receptor to inhibit NPC 1 L 1 mRNA expression 
requires further investigation. 

When NPC1L1 SSD detects an increase in cholesterol in the 
microdomain, the NPC lLl-cholesterol complex is internalized 
through clathrin-mediated endocytosis [3,7,24]. The motifs of two 



potential YXX0 tetrapeptides facilitate clathrin-mediated endo- 
cytosis with the adaptor protein (AP) complex AP2 [3,7,24]. 
Recently, a novel endocytic motif, YVNXXF, was identified in the 
cytoplasmic C -terminal tail of NPC1L1 [25]. Flotillins also 
mediate cholesterol endocytosis [26]. 

Ezetimibe binds NPC1L1 and blocks its cholesterol absorption. 
However, ezetimibe also prevents interaction of NPC 1 LI with 
clathrin/AP2 coated vesicles [27]. Chlorpromazine (CPZ, a 
clathrin-mediated endocytosis inhibitor) reduced cholesterol up- 
take in Caco-2 cell monolayers at 50 uM (Fig. S2). When 50 uM 
luteolin and quercetin with 50 |iM CPZ were added to the Caco-2 
cell monolayers, their inhibitory activities were higher than those 
of CPZ alone (Fig. S2). This result suggests that these flavonoids 
inhibit the connection between cholesterol, NPC 1 L 1 , and clathrin- 
mediated endocytosis. 

Our data suggests that flavonoids inhibit cholesterol uptake 
through multiple mechanisms. For example, they may be involved 
in 1) inhibiting the binding of cholesterol to NPC1L1; 2) inhibiting 
clathrin-mediated endocytosis of NPC 1 LI mediated by SSD, 
YXXO motifs, AP2, flotillin and YVNXXF motif; and 3) altering 
the microdomain component of intestinal epithelial cells. Further 
studies will be needed to clarify this issue. 

Rodents express NPC1L1 only in the intestine, whereas humans 
express it in the liver and intestine [2,3,7]. NPC 1L1 localizes in the 
bile canalicular membrane of the liver and contributes to 
absorption of cholesterol from bile acids. Hepatic overexpression 
of human NPC1L1 dramatically reduces biliary cholesterol levels. 
Consequently, flavonoids can inhibit NPC 1 LI function in the 
intestine and liver of humans. 

In conclusion, luteolin and quercetin reduce high blood 
cholesterol levels by inhibiting the intestinal cholesterol absorption 
mediated by NPC ILL This is a newly found polyphenol function 
known as the French paradox. 

Supporting Information 

Figure SI Inhibitory effects of luteolin and quercetin on micellar 
solubility of cholesterol. The effects of polyphenols on micellar 
solubility of cholesterol were assayed according to the method of 
Ikeda et al. [18,19]. A bile salt micellar solution containing 4 mM 
sodium taurocholate, 0.1 mM egg yolk phosphatidylcholine 
(Sigma-Aldrich), 0.5 mM cholesterol, 0.3 nM [1,2- 3 H(N)] -choles- 
terol, and 1% (v/v) methanol was prepared by vortexing and 
stored at 37°C for at least 24 h. Polyphenols (final concentration: 
1 mM each) were added to the micellar solution (100 jiL) and 
maintained at 37°C for 1 h. The solution was passed through a 
0.22-Jim PVDF membrane filter (Ultrafree, Millipore), and the 
concentration of radioactive cholesterol in the filtrate was 
measured using a scintillation counter. Hesperidin, which did 
not significantly affect cholesterol uptake (Fig. 3), was used as a 
negative control. Values are mean ± standard error (n = 3). 
Statistical analyses were performed as in Fig. 1. 
(TIF) 

Figure S2 Inhibitory effects of simultaneously adding chlor- 
promazine (CPZ) with luteolin or quercetin. The Caco-2 cells were 
incubated in 50 jiM CPZ (a clathrin-mediated endocytosis 
inhibitor) with or without 50 jlM luteolin or quercetin at 37°C 
for 1 h, washed twice with HBSS (pH 7.4). The cholesterol micelle 
was then added, and uptake by Caco-2 cells was quantified. Values 
are mean ± standard error (n = 3). Statistical analyses were 
performed as described in the legend to Fig 5. 
(TIF) 
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Table SI Composition of diets and oral administration of 

flavonoids. 
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